Abstract Sweat rates on the forearm and on the palm were simultaneously recorded by resistance hygrometry and the mode of sweating in these areas in response to thermal and non-thermal stimuli were compared with each other. In Series A, periodic infrared irradiation (1min on, 1min off) was done to the back of the trunk, and reflex responses in sweat rate were recorded on both test areas. A high correlation was noted between the mean changes in the palmar sweat rate and those in the forearm one during the irradiation cycle in a majority of cases. However the magnitude of the sweat response was much less on the palm than on the forearm. These observations reveal that the central mechanism of palmar sweating may be affected to some extent by the thermoregulatory mechanism.
on the general body surface, where psychogenic facilitation of sweating can be seen only when close to or above the thermal sweating threshold . As for the mechanism underlying such regional differences , however, explanations are controversial among investigators (KUNO, 1956; KENNARD, 1963; NAKAYAMA , 1969) .
Careful obsevations on palmar and non-palmar sweating by means of continuous simultaneous recordings disclosed some interesting phenomena, not described elsewhere, concerning palmar sweating in relation to thermal stimuli and nonpalmar sweating in response to non-thermal stimuli . The present study was proposed to analyze these phenomena and to understand the mechanism characterizing palmar and non-palmar sweating.
Two series of experiments were included, one concerning the influence of thermal stimulation on palmar sweating (Series A) and the other pertaining to effects of mental, emotional and sensory stimuli on forearm sweating (Series B).
METHODS
Subjects were 18 male medical students in good health. The subject was directed to enter a climate chamber at least an hour before the start of experiment. He wore only shorts and pants and sat on a stool, resting his arms on a desk in front. The room temperature was set at varied levels high enough to cause generalized, continuous, thermal sweating, with a relative humidity of 40-60%. The volar aspect of the right forearm and the right palm were selected for test areas to represent non-palmar and palmar sweating, respectively. Localized sweat rates in these areas were continuously recorded on a pen-writing oscillograph by means of resistance hygrometry (NAKAYAMA and TAKAGI, 1959; TAKAGI et al ., 1966) :a capsule covering 15cm2 of skin area was ventilated with air of a preset low humidity and the humidity change of the effluent air was sensed by a resistance hygrometer. A mechanical delay of 5sec in this recording system was corrected upon the treatment of the record. Direct calibration of the record was done in every experiment by a method devised by . In some experiments, reflection-photoelectric plethysmogram (RPPG) was recorded from the tip of the right index finger.
In Series A, periodic irradiation was done to the whole surface of the back of the trunk with an infrared lamp of 300W the surface of which was placed 25cm from the subject. Irradiation of 60sec of duration was repeated at lamp-out intervals of 60sec more than 30 times; the details have been described elsewhere (OGAWA, 1974) . Skin temperature at the center of the irradiated area was recorded by means of a thermistor. The subject was allowed to engage in light reading in order to divert his attention from the irradiation.
Of various stimuli given in Series B, the electric stimulus was given by means of an electronic stimulator through silver plate electrodes attached to the leg. A single pulse stimulus was given with a duration of 100msec and an intensity strong enough to provoke moderate pain sensation, ranging from 45 to 65V. For physical exercise, a bicycle ergometer with a work load of 450kpm/min was used in most of cases, but in a few cases the subject was directed to stamp his foot vigorously while seated.
RESULTS
Series A:Thermal influence on palmar sweating As previously reported (OGAWA, 1974) , periodic infrared irradiation to the back of the trunk with one minute duration at intervals of 1min caused changes of sweat rate of the forearm synchronized with the heating cycle in a majority of the subjects. Twelve of the subjects who showed synchronization were used in this series of experiments. In most of them, the palmar sweating also showed a tendency to change its rate synchronously with the irradiation cycle, as an example is shown in Fig. 1 . Sweat rates were read at every 5sec for 30 irradiation periods and the mean changes during the irradiation cycle were calculated and plotted against the phase angle of the heating cycle. Sweat rate curves in Fig. 2A were thus drawn from the case shown in Fig. 1 . It should be noted in this case that the palmar sweat rate run in parallel with the forearm one. A high correlation between them is shown in Fig. 2B .
The similarity in response patterns of palmar and forearm sweat rates is more clearly demonstrated when comparison is done on the sweat rate curves redrawn in the per cent value of the maximum change in the mean sweat rate during the irradiation cycle (to be called sweat response curves) as examples are shown in Fig. 3 . The sweat response curve for the palm and that for the forearm are quite alike in pattern in a majority of the cases, as shown in Fig. 3A . In a few cases, a considerable dissimilarity in pattern between the two curves was observed in the first few seconds of the lamp-on phase of periodic irradiation (Fig. 3B) , where the palmar sweating tended to show a spiky increase while such a transient increase was less conspicuous in the forearm. Such a transient augmentation of sweating apparently occurred in response to mental or sensory stimulation by lighting the infrared lamp. Coefficients of the correlation between palmar and forearm sweat rates are listed in Table 1 . Significant positive correlation is noted in 9 of the 12 subjects.
In the other three subjects, the palmar sweating failed to show changes in parallel with those of the forearm sweating (Fig. 3C ). Bimodal changes of the palmar sweat rate during the heating cycle were seen in two of them (see Subject SM in Fig. 3C ), and in the other one (Subject TK), the palmar sweat rate showed a significant reverse correlation with the forearm sweat rate in repeated experiments, Series B:Mental influence on forearm sweating A variety of mental, emotional, and sensory stimulations consistently caused an immediate increase in palmar sweating, while the forearm sweating responded diversely to them. A few examples are shown in Fig. 4 , where conspicuous reduction of the forearm sweating is noted during mental arithmetic, while sweating is augmented on the palm. Similar sweat-suppressive responses were often observed in the forearm during mental test, during recalling events in the past, and in the very beginning of physical exercise. On the other hand, distinct increases in the forearm sweating as well as in the palmar one are seen in Fig. 4 during conversation, following electric stimulation, and after the answer to the arithmetic question is indicated right or wrong. A sudden loud noise, putting out the room light and other various emotional and sensory stimuli caused similar responses. The fingertip plethysmogram generally showed vasoconstrictive responses to most of the stimulations. Sweat suppressive response on the forearm to mental stress as above-mentioned was often recognizable only after the same kind of stimulation was repeated a few times. An example is shown in Fig. 5 , which demonstrates changes in the pattern of responses of the palmar and forearm sweating with repetition of mental arithmetic. Here, the magnitude of increase in the palmar sweating in response to mental arithmetic lessens as questions are imposed on the subject repeatedly at intervals of a few minutes. Habituation to the stimulation appears to take place and to be responsible for the reduction of sweat response of the palm. Correspondingly with such changes in the palmar sweating, sweat-suppressive response of the forearm during mental arithmetic becomes gradually distinct. Considerable individual differences were noted in the pattern and magnitude of sweat responses. In some individuals, no sweat-inhibitory response to any kind of stimulus was observed. A tendency was noted that in subjects unaccustomed to the experiment, especially in nervous individuals, sweat-facilitatory response to any psychic stimulus was rather common, while most of those who were accustomed to the experiment were apt to show sweat-inhibitory response in the forearm to mental stress, as mentioned above. Figure 6 shows a case where only facilitation of sweating was seen in the forearm as well as in the palm in response to mental arithmetic as well as to other sensory or emotional stimuli. However, it was noted in such a case that the magnitude of responses to those stimuli differed between palmar and forearm sweating. In Fig. 6 increases in sweat rate in response to mental arithmetic are by far greater on the palm than on the forearm, while responses to other stimuli were rather more conspicuous in the forearm sweating than in the palmar one. Here again, sweat-facilitatory response to mental arithmetic shows a distinct tendency to dwindle both on the palm and on the forearm as the stimulus is repeated in succession at intervals of one to two minutes.
No significant seasonal differences were noted in the pattern of sweat response either of the forearm or of the palm, i. e., the pattern of response of forearm or palmar sweating to a certain stimulus was fairly consistent within an individual regardless of the season. Neither was the basal sweat rate noted to affect significantly the pattern of sweat response, although no experiments were performed with profuse basal sweating in this series of the present study. However, in a condition of light basal sweating as shown in Fig. 6 , inhibitory response of sweating, if any, was hardly recognizable. The pattern of sweat response in the very beginning of physical exercise was examined with repeated exercise of a short duration at intervals of at least double of the exercise period. The basal sweat rate of the forearm tended to increase only gradually as bouts of exercise were repeated. Figure 7 shows a case with repeated periods of exercise of one minute duration with a bicycle ergometer. The pattern of sweat response in general was similar to that observed with mental arithmetic as shown in Fig. 5 . Namely, the palmar sweating increased immediately after the start of exercise, but the magnitude of this response tended to be reduced with repetition of the periods. On the other hand, each bout of exercise caused an initial response of a transient decrease in the forearm sweating, before a more sustained and substantial increase occurred. The sweat rate reached the minimum level in 20 to 40sec after the start of exercise and the ensuing increase was relatively gradual. The transient decrease of the forearm sweating often was obscure for the first few periods but tended to be more distinct with repetition of exercise periods, corresponding with the tendency toward reduction of the sweat-facilitatory response in the palm.
Individual differences were also noted in sweat responses to exercise, as those to mental stress. Response by an initial decrease in sweat rate on the forearm was not observed in some subjects unaccustomed to the experiment, whereas it was consistently seen in most of the subjects accustomed to the experiment. Furthermore, a complicated physical action appeared to bring about a more prominent decrease in the forearm sweating than a simple one. For example, stamping in triple-time rhythm caused a distinct transient decrease in the forearm sweat rate in a subject in whom non-rhythmical stamping failed to provoke such a decrease.
DISCUSSION
According to KUNO (1956) , sweat glands of the palm and sole are not entirely irresponsive to thermal stimulation. He is under the impression that palmar sweating is absent in severe coldness and is provoked more readily by mental stress with increase in ambient temperature within certain limits, and, at a higher temperature, palmar sweat glands become hardly responsive to mental stress. However, it is generally believed that the rate of palmar sweating is independent of surrounding temperature, except for such extreme thermal conditions, and no certain evidence has been given for thermally-induced sweating on the palm. It is extremely difficult to separate thermally-induced sweating from mentally-induced one, since a thermal stimulus may also act as a mental stimulus and further, mental state per se may be affected by thermal conditions. In this sense the method of periodic heating employed in Series A of the present study is considered to attenuate a possible mental effect of the heating on sweating, since habituation is expected to take place by repetition of heating periods. The results showed that periodic irradiation of the back of the trunk caused reflex response of palmar sweating in a majority of cases, as had been demonstrated in forearm sweating (OGAWA, 1974) , although the magnitude of the response was much less in the palm than in the forearm.
Responsiveness of the palmar sweating to the periodic heating varied individually. In a few cases of the present experiments, the change in the palmar sweating failed to run parallel with that in the forearm one, but appeared to be somehow related to the heating cycle. Those observations reveal that palmar sweating is affected to some extent by a common central mechanism with generalized thermal sweating, i. e., the thermoregulatory mechanism. Individual variations in sweat responsiveness to the periodic heating have also been noted in forearm sweating (OGAWA, 1974) . It has been suggested that the responsiveness of forearm sweating to the periodic heating is closely related to heat adaptation (OGAWA, 1974) . Such relationship may not directly be applicable to palmar sweating since discrepancies were occasionally noted between responsiveness of the palmar sweating and that of the forearm sweating as noted above.
Differences in nature between palmar and non-palmar sweating are, in short, predominance of mental sweating on the palm and that of thermal sweating on the general body surface. KUNO (1956) postulates that sweat glands of the general body surface are under the control of the center for thermal sweating which is a part of, or is closely associated with, the hypothalamic temperature regulation center, whereas the center for mental sweating is located in the cerebral cortex and not only controls directly the sweat glands of the confined areas, such as palms and soles, but also affects sweating of the general body surface through exciting the center of thermal sweating. The presence of a cortical sweat-inhibitory center has also been suggested. Thus, sweat response to mental stimuli may appear on the general body surface only when close to or above the thermal sweating threshold. Even in a temperate environment, however, neural impulses for thermal sweating still reach the sweat glands and mental effects can be visualized on a focal area where local sweating has been provoked by a suforific agent (KENNARD, 1963; OGAWA, 1970; OGAWA and BULLARD, 1972) . Furthermore, a small number of functional sweat glands have been detected on the general body surface in a temperate environment (RANDALL, 1946; NAKAYAMA and ARIMURA, 1955) , and it has also been reported that there are no significant regional differences in sweat responses to emotional stimuli within the comfort zone (ALLEN et al., 1973) . At a lower temperature, sweat response of the palm is no longer noted (KuNo, 1956) , or no neural impulse reaches the sweat glands of the general body surface (OGAWA and BULLARD, 1972) . Those observations and the results of Series A of the present study imply that the differences in nature between palmar and non-palmar sweating may possibly be relative ones, especially in the periphery, as suggested by NAKA-YAMA (1969) . On the other hand, observations have been made which suggest that palmar and non-palmar sweating are under the control of essentially different central mechanisms, as mentioned above. Palmar sweating is rarely present during sleep while non-palmar sweating is augmented (KosuGE, 1936; SATOH et al., 1965; OGAWA et al., 1967) ; apparently emotional sweating is observed occasionally, especially during dreaming in paradoxical sleep, on the general body surface but not on the palm (OGAWA et al., 1967) . As for the advent of sweating after birth, it appears much later on the palm and sole than on the general body surface (UcHiNo, 1939) . The results of Series B of the present study offer positive evidence for substantial differences in nature between palmar and non-palmar sweating. It was demonstrated that a single stimulus can cause inhibition of non-palmar sweating simultaneously with facilitation of palmar sweating.
Various non-thermal stimuli appear to exert two ways of effects on non-palmar sweating, excitation and inhibition, while they equally bring about facilitation of palmar sweating. Firstly, stimuli which provoke emotional excitement or protopathic sensation are considered to cause facilitation of non-palmar sweating. Consequently, there appears to be a higher central mechanism which is closely associated with such mental functions and exerts an excitatory effect on the center for thermal sweating. The limbic cortex which is considered to be the structure closely related to emotion, protopathic sensation and also to autonomic functions may likely be involved in this mechanism. Secondly, sweat-suppressive response on the general body surface appears to be provoked by stimuli which act as mental stress involving thought and memory, and by efforts for physical work. It is assumed therefore that the activity of regions in the neocortex may be concerned with this sweatsuppressive mechanism, possibly by exerting an inhibitory effect on the center for thermal sweating. On the other hand, palmar sweating responds to any nonthermal stimulus by an increase. This fact suggests the presence of a separate center for palmar sweating which is affected excitatorily by either of the higher central mechanisms mentioned above.
Many stimuli which are expected to act as mental stress and thus to provoke sweat-suppressive response on the general body surface may also induce emotional excitement in greater or lesser degree, and thus may often cause significant facilitation of generalized sweating. This is well demonstrated by the observations that subjects accustomed to the experimental procedure show sweat-inhibitory response to such stimuli more readily than those unaccustomed to the experiment, and that repetition of similar mental stimulation caused more and more distinct sweatsuppressive response in the forearm as sweat-facilitatory response was diminished on the palm. Apparently, adaptation or habituation to the stimulus developed and reduced the emotional response. Evidence has been demonstrated by VAN BEAU-MONT and BULLARD (1966) that the immediate response of sweating to physical work is caused by neurogenic stimulation of the sweating mechanism. The present data supplement evidence that the mechanism of palmar sweating and that of nonpalmar one are not equally stimulated in the initial stage of exercise.
Suppression of sweating on the general body surface during mental arithmetic was noted by KUNO (1956) 
